Controlling iron homeostasis is crucial for all aerobically grown living cells that are exposed to oxidative damage by reactive oxygen species (ROS), as free iron increases the production of ROS. Methionine sulfoxide reductases (Msr) are key enzymes in repairing ROS-mediated damage to proteins, as they reduce oxidized methionine (MetSO) residues to methionine. E. coli synthesizes two Msr, A and B, which exhibit substrate diastereospecificity. The bacterial iron-responsive small RNA (sRNA) RyhB controls iron metabolism by modulating intracellular iron usage. We show in this paper that RyhB is a direct regulator of the msrB gene that encodes the MsrB enzyme. RyhB down-regulates msrB transcripts along with Hfq and RNaseE proteins since mutations in the ryhB, fur, hfq, or RNaseE-encoded genes resulted in iron-insensitive expression of msrB. Our results show that RyhB binds to two sequences within the short 59UTR of msrB mRNA as identified by reverse transcriptase and RNase and lead (II) protection assays. Toeprinting analysis shows that RyhB pairing to msrB mRNA prevents efficient ribosome binding and thereby inhibits translation initiation. In vivo site directed-mutagenesis experiments in the msrB 59UTR region indicate that both RyhB-pairing sites are required to decrease msrB expression. Thus, this study suggests a novel mechanism of translational regulation where a same sRNA can basepair to two different locations within the same mRNA species. In contrast, expression of msrA is not influenced by changes in iron levels. 
Introduction
Reactive oxygen species (ROS) can damage most macromolecules, proteins, nucleic acids and lipids [1] . Within proteins, sulfurcontaining amino acids, cysteine and methionine (Met) exhibit high sensitivity [2] . In particular, methionine oxidation yields methionine sulfoxide (Met-SO) and eventually methionine sulfone. Like any other oxidative modification, methionine oxidation can have deleterious consequences as it can be accompanied by protein carbonylation, protein aggregation and/or degradation [3, 4, 5] . However, the oxidation of Met to Met-SO can be reversed by the action of methionine sulfoxide reductases (Msr) [6, 7, 8, 9, 10] . Such an ability to reverse methionine oxidation has led credence to the idea that the surface-exposed Met residues act as scavengers for ROS and that reduction by Msr enables proteins to recover activity [11] .
Msr proteins are highly conserved among most living organisms [12, 13] . There are basically two types, referred to as MsrA and B, which act on two different diastereoisomers, Met-S-SO and Met-R-SO, respectively [8, 10, 14] . Lack of functional MsrA and/or B have been reported to cause abnormal cellular function in a wide range of organisms from bacteria to humans, including yeast, mice, flies and plants [7, 15, 16, 17, 18, 19, 20, 21] . Likewise neurological disorders, shortened life span, and various oxidative stressrelated defects have been reported in eukaryotes having reduced Msr activity. As a general trend, bacteria lacking Msr exhibit hypersensitivity to ROS and those that are pathogens have a reduced ability to infect their host [22, 23, 24, 25, 26, 27, 28, 29] .
Small non-coding RNAs are believed to play a major role in genome expression both in prokaryotes and eukaryotes. The E. coli iron-responsive sRNA RyhB that controls iron metabolism is one of the best studied. Early microarray approaches suggested that RyhB controls directly the expression of about 50 genes in response to iron limitation [30] . RyhB expression is itself negatively regulated by the iron-sensing Ferric uptake regulator (Fur) [31] . Hence, when iron becomes limiting, Fur repression is alleviated, RyhB synthesis is induced and expression of its targets inhibited. Genes targeted by RyhB encode iron-storage and iron-using proteins and it was proposed that RyhB enables iron sparing for central metabolism and for essential iron-binding proteins when iron concentration becomes scarce [30, 31, 32] . Therefore, synthesis of a non-essential-iron-using protein would be decreased and the cell would rather employ an iron-non-using functional homolog. An illustration of this model is provided by the SodA and SodB superoxide dismutases. The synthesis of the iron superoxide dismutase SodB is decreased by RyhB under iron limitation, whereas the synthesis of SodA, a Mn-superoxide dismutase is not [30, 33] . These iron-responsive regulators, RyhB and Fur also play a crucial role to reduce the response to oxidative stress, as free iron is susceptible to react with ROS such as superoxide anions and to increase ROS production via the Fenton and Haber Weiss reactions [34] . RyhB regulates gene expression by basepairing within or near the translation initiation region of mRNAs. Two mechanisms of action have been proposed for RyhB to explain its role as a gene expression regulator. In a first mechanism, the pairing of RyhB to its target mRNA interferes either positively or negatively with the 30S ribosome subunit binding and thereby translation [31, 35, 36] . Alternatively, the pairing of the sRNA RyhB to the target mRNA can initiate mRNA degradation even in the absence of translation on the mRNA target [37] .
Early microarray analysis suggested that RyhB levels influence the expression of msrB but not that of msrA [30] . In addition, MsrB has been biochemically characterized as an iron binding protein [38] . Therefore we wished to test the functional and direct inactivation of the E. coli msrB mRNA by RyhB in vitro and in vivo, and whether the cell switches to msrA under iron limitation. We provide evidence that RyhB directly pairs with the 59UTR region of msrB at two distinct sites and does repress msrB expression by competing with the ribosome. Secondly, we showed that msrA expression is not sensitive to changes in iron availability. Thus, in addition to identifying a new target for the sRNA RyhB and pointing out a novel mechanism of translational regulation, this study indicates that in E. coli MsrB is dispensable when iron supply is low but MsrA is retained to repair even limited methionine oxidation.
Materials and Methods

Media and growth conditions
Derivatives of E. coli MG1655 strain were used in all experiments and were cultivated under aerobic conditions at 37uC in Luria Bertani (LB) medium unless stated otherwise. Plasmids were maintained with ampicillin used at a final concentration of 100 mg/ml.
Plasmid construction
Transcriptional and/or translational fusions of msrB and msrA genes to lacZ reporter gene were constructed by inserting msrB fragment (from 2336 to +360 relative to msrB start codon) or msrA fragment (from 2416 to +132 relative to msrA start codon) into plasmids pRS415 (transcriptional fusion) and pRS414 (translational fusion) [39] . For information, pRS415 contains the lacZ ORF including the lacZ translation initiation region (TIR) whereas pRS414 contains the lacZ ORF without the lacZ TIR ('lacZ). msrB and msrA genes were amplified from MG1655 chromosomal DNA with the oligonucleotides B01E/B05B and A01E/A04B (see Table 1 ) respectively. The resulting products were digested with EcoRI and BamHI and ligated into EcoRI/BamHI-digested pRS415 and pRS414 plasmids, to generate the transcriptional and translational fusions to lacZ gene. The msrB'-lacZ, msrB'-'lacZ and msrA'-'lacZ constructs were further engineered onto lRS45 phage and integrated into the attachment site (att site) of IBPC5321 strain as previously described [39] , generating strains JB43 (transcriptional msrB'-lacZ), JB44 (translational msrB'-'lacZ) and JB56 (translational msrA'-'lacZ). Stable lysogens were screened for single insertion of recombinant by PCR [40] and sequenced using LacZinv primer (see Table 1 ). We next introduced the following Dfur ::kan and DryhB ::cat deletions by P1 transduction in JB44 generating strains JB46 and JB50 respectively and in JB56 to generate YD100.
The construct pUC-MsrB was generated by PCR using chromosomal DNA from MG1655 wild type strain as a template and primers B01E and B05N (see Table 1 ). The resulting product was digested wih EcoRI and NdeI and cloned into the corresponding sites of pUC18. The construct was sequenced using the primer pUCVERI and transformed into MG1655 wild type strain. The construct pUC-MsrB-HA has been generated using the same protocol to that of pUC-MsrB construct. The HA tag was added to the 3' end of msrB using the reverse oligonucleotide BHA (see Table 1 ). IPTG (0.5 mM) was added to the culture to induce the synthesis of MsrB and MsrB-HA. Strains used in this study are listed in Table 2 .
Site-directed mutagenesis
Site-directed mutagenesis was carried out by PCR using pUCMsrB or pUC-MsrB-HA as DNA template. Mutations mut1, mut2a, and mut2b are introduced into the 5'UTR region of msrB with the use of primers Bm1for-Bm1rev, Bm2afor-Bm2arev, Bm2bfor-Bm2brev respectively, containing the suitable nucleotide mismatches (see Table 1 ). The amplified plasmid products were then digested with DpnI restriction enzyme for 2 hours at 37uC to select for mutation-containing synthesized DNA and 1 ml aliquot was transformed into DH5 alpha competent cells. Transformation reactions were plated on LB containing ampicillin. Five colonies were selected and the positive clones were screened by digestion and sequenced. Plasmids carrying wild type or mutant alleles were introduced into DmsrB strain (SMG505). Transformants were used for Northern blot and Western blot experiments.
Western blotting
Bacteria cells carrying pUC-MsrB-HA, pUC-MsrB mut2a -HA and pUC-MsrB mut2b -HA were cultivated in LB medium to exponential phase. Iron chelator (2-29 dipyridyl) was added for 30 min and 50 ml sample aliquots were collected. French Press lysates were spun down for 30 min at 13500 rpm. Supernatants were collected and equal amounts of cellular extracts were western-blotted. To detect MsrB-HA protein, the membrane was probed with a mouse anti-HA primary antibody, and with a goat anti mouse IgG alexa fluor 680 as secondary antibody and scanned by using an Odyssey IR imaging scanner. Band intensity was analyzed by using Image J software.
DNA probe labeling
Radiolabeled probes used in the Northern blots were generated from PCR products. msrB, RyhB and 5S PCR products were generated using the pair of oligonucleotides B1-B4, REco-Rbam and 5S1-5S2 respectively (see Table 1 ). After gel extraction and purification, the PCR products were then used as a template for [a-
32 P]dCTP-labeling reaction (Ready-to-go DNA labeling kit, Amersham). Unincorporated nucleotides were removed by using a G-50 resin minicolumn. For primer extension assays and toeprint assays, the 59 end of oligonucleotides 437 and 1451 respectively, was labeled with [c- 
RNA isolation and Northern blot analysis
Total RNA was isolated from cells at the indicated times using the SV total RNA isolation system kit as described by the manufacturer (Promega). For Northern blot analysis, total RNA (10 mg) was separated on a 1.2% TBE-agarose gel and transferred to a Hybond N+ nylon membrane. Membranes were UVcrosslinked and hybridized for 4 hours at 58uC with the suitable radiolabeled probe. Membranes were washed three times in 0.05%SDS/2X SSC buffer and then twice in 0.1%SDS/0.1X SSC buffer before being scanned by using a phophorimager (Molecular Dynamics). Band intensity was analyzed by using Image J software.
Primer extension assays
Hybridization reaction between of 59-end labeled oligonucleotide 437 (4 ng) and purified msrB RNA transcript (100 ng) was performed in a final volume of 2.5 ml, in the 1X binding buffer (Tris HCl 10 mM, pH8, MgCl 2 10 mM, NaCl 50 mM, KCl 50 mM) for 10 min at 65uC. RyhB sRNA (5 mg) was added to the reaction mix (7.5 ml) for 10 min at 37uC. The reverse transcription reaction was performed for 30 min at 42uC by adding 5 ml of the AMV RT enzyme and dNTPs to the reaction mix. The resulting cDNA reaction mix was loaded onto a 6% acrylamide/ bisacrylamide denaturing gel along with the products of dideoxy-sequencing reactions obtained with the same labeled primer. Signal intensities were evaluated using a phosphorimager (Molecular Dynamics).
Toeprinting assays
Toeprint experiments were carried out using purified 30S ribosomal subunits (isolated from D10 E. coli strain as described in [41] ), tRNAfMet and AMV reverse transcriptase to detect the formation of ternary initiation complexes on the long msrB transcript (450 nt). In a typical experiment, the msrB RNA transcript (50 fmol) was mixed to a fourfold molar excess of 59-labeled 437 oligonucleotide primer (complementary to positions +60 to +73 of msrB). Toeprint reactions were performed as described in [42] . The toeprint band intensity was analyzed by using Image J software and normalized to that of full-length transcript. Data are represented as means 6S.E. from two independent experiments.
Half-life determination
Overnight cultures were subcultured in LB medium (200 ml) at 37uC to an O.D. 600 of 0.3. Each culture was then divided in 2 and one culture was treated with 2-29 dipyridyl (250 mM) for 15 min at 37uC. Samples of 5 ml started to be collected at different times (0, 2, 4, 6, 8, 10, 12, 15 and 30 min) right after the addition of Rifampicin (0.3 mg/ml) and were immediately frozen in liquid nitrogen. Total RNA was extracted from each sample and 10 mg of total RNA were subjected to a Northern blot analysis using the specific msrB and 5S probes. Signal intensities were evaluated using a phosphorimager (Fuji FLA 5100) and quantitated by using Image J software. msrB signals were normalized to that of 5S RNA. Data are represented as means 6S.E. from three independent experiments.
Beta-galactosidase assays
Cultures were grown to exponential phase (O.D.600<0.4) in LB medium supplemented or not with 250 mM 2,29 dipyridyl iron chelator. The b-Galactosidase assays were carried out as described (Miller, 1972) . The results are reported in Table 3 .
In vitro transcription of msrB and RyhB
In vitro transcription of the msrB mRNA and the RyhB sRNA was performed using 200 units of T7 polymerase in T7 transcription buffer (Ambion), the pUC-RyhB and pUC-MsrB vectors (0.5 mg) as a DNA template respectively. After 2 h of incubation at 37uC, the mixture was treated with RNase-free DNase I for 30 min at 37uC. RNA transcripts were extracted by phenol/chloroform followed by ethanol-precipitation and were resuspended in RNase-free water. Concentrations of msrB and RyhB transcripts were determined by using a WPA BIOWAVE II spectrophotometer. Dephosphorylated RNA transcripts were 59 end-labeled with [c-32 P]ATP using T4 polynucleotide kinase for 30 min at 37uC. Radiolabeled RNAs were purified onto a denaturing (8 M urea) polyacrylamide gel and eluted overnight in elution buffer (10 mM Tris-HCl pH 7.5, 300 mM NaCl, 1 mM EDTA, 1% SDS) followed by ethanol precipitation.
RNases and Lead (II) footprinting
32 P-59 end-labelled msrB RNA (, 50 fmol) was incubated in buffer D [150 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA and 20 mM HEPES (pH 7.9)]. For ribonuclease cleavage, reactions were initiated by the addition of 10 25 U/ml of RNase V1 or 5610
22 U/ml of RNase T2, and incubated for 5 min at room temperature. The enzymatic reactions were stopped by extraction with phenol/chloroform and precipitation by ethanol in presence of sodium acetate (0.3 M) and 2 mg tRNAs. For lead (II) footprinting, the reactions were initiated by the addition of 12 mM Pb(II) acetate. After 5 min incubation at room temperature, reactions were stopped by adding EDTA (0.05 M) before ethanol precipitation followed by extraction with phenol/ chloroform and a second precipitation by ethanol in the presence of sodium acetate (0.3 M) and 2 mg tRNAs. As sequence markers, RNA alkaline hydrolysis ladders (cleavage after each nucleotide) were generated by incubating in 1 M sodium carbonate at pH9 for 3 min at 96uC. RNase T1 ladders (cleavage after each guanosine) were generated by incubating the RNA in 1 M sodium hydroxide citrate for 5 min at 65uC, 2 mg tRNAs then by adding 1U RNase T1 for 10 min at 65uC. For both enzymatic and chemical probing reactions, the treated RNA samples were then ethanol-precipitated in the presence of 0.3 M sodium acetate and washed with 80% ethanol. RNA pellets were directly resuspended in RNA loading dye [95% (v/v) formamide, 20 mM EDTA, 0.05% (w/v) each bromophenol blue and xylene cyanol]. The cleavage products were separated onto a 10% polyacrylamide 8 M urea-containing gel and visualized by using a Phosphorimager.
Results
Expression of the msrB gene is repressed under iron starvation
Transcriptional and translational fusions between the msrB gene and the lacZ reporter gene were constructed and inserted at the att site in the E. coli chromosome. The engineered strains namely JB43 and JB44, respectively, were grown in the presence or absence of 2,29dipyridyl (2,29dip), an iron chelator, and ß-galactosidase activity assayed (Table 3) . Expression of the translational fusion was repressed by more than three fold in the presence of 2,29dip whereas expression of the transcriptional fusion remained nearly the same in both conditions. To assess whether the decrease in expression of the translational reporter observed with the 2,29dip was due to a decrease in both msrB mRNA and protein levels, we measured the amount of msrB mRNA and MsrB protein within the cell by Northern and Western blot analyses, respectively. Levels of both msrB mRNA and MsrB protein showed a 5-fold decrease under iron limitation ( Figure 1A-B) . The sRNA RyhB is known to specifically downregulate the expression of numerous genes under iron starvation [30, 31] . Introducing a ryhB mutation in JB44 (JB50) abolished 2,29dip repression, yielding an up constitutive and iron-independent phenotype (Table 3) . Expression of RyhB is under Fur repression. Introducing a fur mutation in JB44 (JB46) abolished 2,29dip repression, yielding a down constitutive iron-independent phenotype (Table 3) . Taken together, these results show the expression of the msrB gene to be regulated by the Fur/RyhB cascade such that msrB expression decreases under iron starvation.
Expression of the sRNA RyhB reduces the msrB transcript levels
The sRNA RyhB promotes the degradation of mRNAs encoding Fe-using proteins and the synthesis of RyhB is induced under iron starvation [31, 33] . Therefore, we analysed the levels of both RyhB and msrB transcripts in cells that were submitted to sudden iron starvation and subsequent iron replenishment ( Figure 1C, 1D) . Briefly, cells were grown to mid-exponential phase, exposed to 2,29dip for 15 minutes and subsequently exposed to excess iron (100 mM FeSO 4 ). We then carried out Northern blots with probes specific to msrB and RyhB transcripts. Results showed that within 5 minutes after 2,29dip exposure, msrB transcript levels were greatly decreased ( Figure 1D lane 3) , while RyhB transcript levels immediately increased ( Figure 1D lanes 3-4) . When cells were supplemented with excess iron, msrB transcript levels reached a maximum within 5 minutes while RyhB transcript decreased to undetectable levels within 15 minutes ( Figure 1D , lanes 6-7). These observations establish a clear correlation between the presence of RyhB and the absence of msrB transcripts, in full agreement with the hypothesis that RyhB induces msrB transcript degradation.
In order to quantify this putative destabilizing effect, we determined the half-life of msrB mRNA in the presence and in the absence of RyhB. To measure the half-life, 2,29dip was added to the culture for 15 minutes, followed by the addition of rifampicin to stop transcription. Total RNA was extracted at different time points and the mRNAs were hybridized with probes specific either to msrB or to 5S RNA as an internal control (Figure 2 ). In the wild type strain, the half-life of the msrB mRNA was 4.7 times shorter in the presence of 2,29dip. In contrast, in the ryhB mutant, the half-life of the msrB transcript was the same regardless of the addition of 2,29dip. Moreover, in a fur mutant Table 3 . Expression of msrA-lacZ and msrB-lacZ fusions in wild type, ryhB deletion or fur deletion strains grown to exponential phase (O.D. 600 <0.4) in LB rich medium either in the presence or in the absence of iron chelator (2,29dip, 250 mM). . The radioactive probes used are described in Materials and Methods, and Table 1 . (B). Quantification of msrB mRNA, RyhB sRNA and MsrB protein levels (arbitrary units) from experiment described in (A). Band intensity was normalized to that of an internal control (23S for both msrB and RyhB RNA bands; a non-specific protein recognized by anti-HA antibodies for MsrB-HA protein band). (C). Overview of the experiment described in D. Total RNA was extracted at the indicated times (min). (D). Wild type E. coli cells were grown in LB (lanes 1,2,5), LB + 2,29dip (250 mM) (lanes 3,4). Iron (100 mM) was added after 15 min of growth in LB (lane 8) and after 5 or 15 min of pre-incubation with 2,29dip (lanes 6-7). Samples were removed at indicated time points, and total RNA was extracted as described in Materials and Methods. Strain SMG505 (DmsrB) was used as a control (lane 1). For determination of RyhB and msrB RNA amounts, 10 mg of total RNA samples were loaded onto a denaturating agarose gel. After migration, a Northern blot hybridization was performed with a specific oligoprobe for RyhB and msrB respectively. Quantification of msrB and RyhB transcript levels (arbitrary units) are shown below Northern blots panels. doi:10.1371/journal.pone.0063647.g001
that synthesizes RyhB at a high-level, the half-life of the msrB transcript was the same whether 2,29dip was added or not and was as short as in 2,29dip-exposed wild type cells. Altogether, these observations fit with the model that iron depletion induces RyhB synthesis, which in turn favours the degradation of the msrB mRNA.
The RNA degradosome and the RNA chaperone Hfq are required for the RyhB-induced msrB mRNA degradation Previous characterizations of the mode of action of RyhB showed that RNase E and the RNA degradosome are required in the RyhB-mediated degradation of target mRNAs [33] . Therefore we tested if this also explains the RyhB-mediated decrease in the levels of the msrB mRNA. In the rne701 mutant, a strain lacking a functional RNA degradosome, the half-life of the msrB transcript was increased 1.5-fold and 8-fold, as compared with the wild type strain, in the presence and in the absence of 2,29dip respectively ( Figure 2 ). This indicates that the RNA degradosome is involved in the msrB transcript destabilization observed under iron limiting conditions.
The RNA chaperone Hfq is essential for RyhB-mediated regulation of its target genes. Therefore we tested whether Hfq was involved in msrB regulation. In an hfq mutant, the half-life of the msrB transcript was only slightly changed by the presence of 2,29dip and was increased 4.6-fold in the presence of 2,29dip as compared with the wild type strain.
Altogether these observations validate that the RyhB/Hfq/ Rnase E complex is involved in the msrB mRNA decay.
Identification of two RyhB/msrB pairing sites in the 59 UTR of the msrB mRNA
In order to determine whether the RyhB control of msrB expression was due to a direct interaction between the two RNA species, the 59 untranslated region (59 UTR) of msrB mRNA was searched for sequences complementary to sequences in RyhB. Our results revealed two such potential interaction sites ( Figure 3A) . The first site, which we will refer to as Site I, is located between G1, the first nucleotide to be transcribed, and A12 ( Figure 3A ). This 12 nucleotide long sequence exhibits 12 pairings with sequence within RyhB stem-loop 2 with a total free energy of 225.4 kcal/mol. The second site, which we will refer to as Site II, is located between A26 and G38 and hence overlaps the ShineDalgarno sequence. This 13 nucleotide long sequence exhibits 12 matches with a region located within RyhB loop 2 ( Figure 3A ). Pairing at Site II between RyhB and msrB mRNA is predicted to be less stable than the pairing at Site I with a free energy of 211.7 kcal/mol. Thus, this sequence analysis raised the possibility that msrB mRNA possesses two RyhB binding sites. It is remarkable that the two sites contain duplicates of a 9-nucleotide sequence (AUGUGAGCA) and therefore predicted to pair with the same RyhB region, i.e. a sequence of the central stem-loop of RyhB.
Experimental identification of two RyhB binding sites in the 59 UTR of msrB mRNA
The validity of the predictions reported above was subsequently tested by in vitro approaches. First, we asked whether RyhB binding on msrB mRNA would block reverse transcriptase (RT) elongation in a primer extension assay (PEA). A shorter version of msrB mRNA (124 nt; nt +1 to +124) including the whole 59 UTR region (35 nucleotides) was transcribed in vitro and used as a template for PEA in the presence and in the absence of RyhB ( Figure 3B ). In the presence of RyhB, two primer extension products were detected that were mapped within Site I (C11) and Site II (C33, A34)( Fig. 3B; lane 2) . As a control, we performed a PEA on the msrB mRNA alone and observed no specific primer extension product along the msrB 1-124 RNA transcript ( Figure 3B; lane 1) .
Second, we compared patterns of partial digestion of the 59 UTR of the msrB transcript with RNAses in the absence and in the presence of RyhB (Figure 4 ). When the msrB mRNA was digested by RNase T2 (a single strand-specific endoribonuclease with preference for adenosine residues) in the presence of RyhB, cleavages appeared at the 39 end of Site I (bonds between residues at positions +12 to +14) and Site II (bonds between residues at positions +40 to +42) while some others were strongly reinforced downstream of the Site II (bonds between residues at positions +51 to +67) (Figure 4, lane 3) . Conversely, the presence of RyhB afforded protection against RNase T2 cleavages within the binding Sites I and II (bonds between residues at positions +7 and +8, and at positions +34 and +35, Figure 4 ; lane 4). When RNase V1 (specific for double stranded regions and stacked nucleotides) was Figure 2 . Effects of ryhB, fur, rne701 and hfq mutations on msrB transcript stability. msrB transcript stability in wild type (A), ryhB mutant (B), fur mutant (C), hfq mutant (D) and rne701 mutant (E) strains grown at 37uC to an O.D. 600 of 0.4, was assayed by Northern blot analysis. After 10 min of incubation with 2,29dip, rifampicin was added. Samples were removed at the indicated time points after rifampicin addition and total RNA was extracted as described in Materials and Methods. For determination of msrB mRNA amount, 10 mg of total RNA samples were loaded onto a denaturating agarose gel. After migration, a Northern blot hybridization was performed with a specific oligoprobe for msrB and 5S as an internal control. Band intensity of msrB transcript was normalized to that of 5S RNA. Half-life (seconds) of msrB transcript and the ratio of msrB mRNA half-life 62,29dip are indicated for the different strains. Standard errors (SE) are shown. doi:10.1371/journal.pone.0063647.g002 used in the presence of RyhB, significant changes in the RNase V1-digestion pattern were observed with new cleavage products in the sequence of the predicted binding Site I (bonds between positions +8 to +11) and Site II (bonds between positions +31/+32, +33/+34 and +35 to +37) (Figure 4 ; lane 6). Additional cleavages were also observed within the coding region of msrB but no potential RyhB binding sites was detected by sequence analysis and no prematured RT extension products were observed (data not shown). Last, digestion of the 59UTR of msrB with lead (II) acetate (specific for single stranded regions) in the presence of RyhB (Figure 4, lane 8) showed that the two regions that refer to Sites I and II were significantly protected from lead (II) digestion (bonds between positions +5 to +11 and +26 to +38, Figure 4B) .
Thus, taken together, PEA, RNase/lead (II) probing analyses fully establish that RyhB pairing occurs at two sites, referred to Sites I and II within the short 59 UTR of the msrB mRNA.
Mutagenesis analysis of the RyhB/msrB interaction in vitro
In order to validate the binding of RyhB at Sites I and II in vitro, nucleotide changes were made in the sequences of msrB Sites I and II. The consequences on RyhB binding were analysed by PEA. First, mutations (G32C, C33U, A34C) were introduced into the Site II, yielding an msrB allele referred to as mut2a ( Figure 3A) . Results showed only one primer extension product, located within the Site I ( Figure 5A; lane 4) . Thus, modifications introduced into the Site II prevented RyhB to bind at this site. Second, mutations (G6A, U7C, G8A) were introduced into the Site I, yielding the mut1 allele ( Figure 3A) . Results showed only one primer extension product, located within Site II ( Figure 5B ; lane 3). Altogether these mutational analyses further support the notion of an interaction between RyhB and msrB at both Sites I and II in vitro. The resulting fragments were then analyzed onto a denaturing sequencing gel. The numbers indicate sequence positions with respect to the transcription start site. Lanes OH 2 and T1 correspond, respectively, to an alkaline hydrolysis ladder, and an RNase T1 digestion ladder obtained in denaturing conditions. The position of G residues that resulted from RNase T1 hydrolysis is given. Circles, arrowheads, and rectangles indicate, respectively, phosphodiester bonds cleavages by RNase T 2 , RNase V 1 , and lead (II). Products resulting from a strong (red) or a weak (orange) RyhB binding on the msrB mRNA blocks ribosome binding RyhB is known to interfere with translation initiation. Therefore, we asked whether RyhB binding on msrB mRNA would block ribosome binding in vitro. For this purpose, toeprint assays were run. A long version of msrB mRNA (450nt; nt +1 to nt +449) including the whole 59 UTR region was transcribed in vitro and used as a template for toeprint assays (Figure 6 ). When the 30S ribosomal subunit was added, its binding to the wild type msrB mRNA blocked RT elongation, resulting in a shortened cDNA called 'toeprint' at position +50 to +52 (Figure 6A-B; lane 3) . However, in the presence of RyhB, the intensity of the toeprint band was 1666 times decreased (Figure 6A-B ; compare lane 3 with lane 4). This result shows that the interaction of RyhB with msrB mRNA interferes with the binding of the 30S subunit.
We then carried out a toeprint assay with the msrB mut1 mRNA as a template. No specific primer extension product was observed on the msrB mut1 mRNA alone (Figure 6A -B; lane 5). In the presence of the 30S ribosomal subunit, a toeprint was detected (Figure 6A-B; lane 7) . When RyhB was added, a specific primer extension product was observed at Site II but not at Site I as predicted (Figure 6A -B; lane 6). When both RyhB and the 30S subunit were added, the intensity of the toeprint band was 4.2560.6 times reduced (Figure 6A-B ; compare lane 7 and lane 8). This observation indicates that the interaction of RyhB with Site II efficiently interferes with the 30S binding. However since the interaction of RyhB with Site II does not fully abolish the toeprinting signal it suggests that the pairing of RyhB at Site I may contribute to the inhibitory effect of RyhB on the ribosome binding.
We then tested the effect of mutations in msrB RyhB-binding site II. As the mut2a mutation used (G32C, C33U, A34C) alters the Shine-Dalgarno sequence, we expected it to reduce the binding affinity of the 30S subunit. A Western-blot analysis of the resulting mutant was carried out and indeed shown to have a very low level of MsrB production ( Figure S1 ). Therefore a 10-fold higher concentration of 30S subunit was used. However, even with such an increased concentration, we failed to observe any detectable toeprint (data not shown). Consequently, we decided to construct a new variant, referred to as mut2b. For this, nucleotides C33 and A34 were substituted for A and U, respectively ( Figure 3A) . A Western-blot analysis of the resulting mutant showed that the MsrB protein was produced at a similar level as the wild type, showing that the mutation had not altered translation efficiency ( Figure S1 ). A primer extension analysis of mut2b revealed Site I but not Site II as expected ( Figure 5A ). Last, we performed a toeprint assay on the msrB mut2b mRNA alone and observed no specific primer extension product (Figure 6A-B; lane 9) . When RyhB was added, a primer extension product was observed at Site I but no longer at Site II as expected from the mutations introduced (Figure 6A-B; lane 10) . Adding the 30S ribosomal subunit significantly increased the toeprint band (Figure 6A lane 11), indicating that the mutation allows efficient ribosome binding. When both RyhB and the 30S subunit were added to the mut2b mRNA template, a toeprint band remained visible, although with a 3 times reduced intensity compared to that obtained in the presence of the 30S alone (Figure 6A-B ; compare lane 11 with lane 12). These results are consistent with the notion that the binding of RyhB to the Site I could perturb the 30S ribosome binding at the Shine-Dalgarno sequence, although one should be very cautious with such interpretation given the substantial margin of error of the experimental results.
Disrupting one RyhB binding site is not sufficient to fully restore msrB stability upon iron starvation
We investigated the role of each Site I and II in the regulation of msrB expression in vivo. For this, the half-life of msrB wild type and mutant derivative mRNAs, extracted from strains grown in the presence and in the absence of 2,29dip, was analyzed ( Figure 7) . The mut1 half-life was 1.2 times lower than that of wild type in the absence of 2,29dip ( Figure 7B ). However, it remained modified, like the wild type, as a function of iron availability ( Figure 7B ). We found that mut2a half-life was reduced as compared with that of the wild type ( Figure 7C ). Here again, the decay kinetics were faster in the presence of 2,29dip ( Figure 7C ). The rate of mut2b decay was similar to that of the wild type ( Figure 7E ). However, its stability was reduced only 1.5 times under iron limitation, as compared with a 3.5-fold for the wild type ( Figure 7E ). These results indicate that modifications introduced at Site I or Site II can alter either intrinsic stability (e.g. mut1 and mut2a) or iron-mediated destabilization (e.g. mut2b) of the cognate msrB mRNAs.
Then, we investigated the effect of combining mutations at both Sites I and II. Unexpectedly the same mut1 mutation had opposite effects when combined with mut2a or mut2b mutations. The halflife of mut1,2a ( Figure 7D ) was 1.3 times decreased compared to that of the wild type whereas that of mut2a was 1.9 times reduced ( Figure 7C ). In addition, the stability of mut1,2a was not modified as a function of the presence of 2,29dip ( Figure 7D ), suggesting that combining the two mut1 and mut2a mutations had an additive effect, which eventually disrupted RyhB control. Surprisingly, combining mut1 and mut2b yielded an mRNA species much less stable than the mut2b allele. In comparison to mut2a, the stability of mut2b was less altered by iron limitation. This last result contrasted with the behavior of the mut2b species, which had been found marginally influenced by iron availability (see Figure 7E ). These results indicated that the mut1 mutation has apparently suppressed the effect of the mut2b mutation ( Figure 7F ). Altogether, this in vivo analysis demonstrates that introducing modifications at Sites I or II can have an effect on msrB mRNA half-life and possibly its control by iron availability.
msrA gene expression is unaffected when iron becomes scarce
Transcriptional and translational fusions between the msrA gene and the lacZ reporter gene were constructed and inserted at the att site in the E. coli chromosome. The engineered strains namely JB55 and JB56, respectively, were grown in LB medium supplemented or not with 2,29dip. Expression of both the transcriptional and the translational fusion were 1.4-fold increased under iron deprivation (Table 3) . However, introduction of a ryhB, a fur or a ryhB fur mutations did not change significantly msrA'-'lacZ expression levels (Table 3) . These results suggested that unlike msrB, msrA gene expression might be induced by iron availability but not by a Fur or RyhB dependent mecanism.
Discussion
This study demonstrates that the synthesis of the methionine sulfoxide reductase MsrB is repressed under iron limitation. We show this negative regulation to result from the action of the sRNA RyhB. The involvement of additional trans-acting factors, such as the transcriptional iron sensing repressor Fur, the RNA chaperone Hfq and the degradosome-belonging RNase E was also established [43, 44, 45, 46] . The msrB gene is therefore a new member of the RyhB regulon, as initially suggested by transcriptomic analysis of the Massé group [30] . The RyhB-mediated down regulation of msrB is likely to be related to the fact that MsrB is an iron-binding enzyme [38] .
The mechanism allowing RyhB to control expression of the msrB gene appears to be original and complex. Indeed, the msrB gene was found to contain two binding sites for RyhB. The upstream site is located at the very 59 end of the msrB mRNA while the second site is located 30 nucleotides downstream and overlaps the Shine-Dalgarno sequence. Previous studies on RyhB-mediated regulation of the sodB, sdhD or iscS genes showed that the RyhBbinding site overlaps the Shine-Dalgarno sequence, thereby inhibiting translation initiation and provoking mRNA instability [31, 35] . The region of RyhB (loop II) that is used to target msrB is the same as that pairing with the 59 UTR regions of sodB or sdhD. Use of molecular techniques allowed us to demonstrate RyhB binding at both sites in vitro. In Salmonella, the RybB sRNA has multiple binding sites within the ompCD mRNA but RybB binds only one site targeting either ompC or ompD mRNA as the pairing sites are mutually exclusive [47] . Also, a recent study has reported that SgrS sRNA can have multiple binding sites within a polycistronic mRNAs [48] . However, the binding sites of SgrS are present within portions of the mRNA that are encoded by different genes of the operon. Hence, all of these cases differ from that described here where the same sRNA can bind to two different locations within the same mRNA species. Curiously, the two sites show the same 9 nucleotide sequence. Evidently, this raises the question of whether two RyhB molecules bind simultaneously to msrB mRNA or only one at a time at one of the two sites. Further experiments aimed at establishing the stoichiometry msrB/RyhB will have to be carried out to get insight into this question.
Toeprint analysis revealed that the pairing of RyhB with the msrB mRNA at Site II prevents the binding of the 30S ribosomal subunit while it remains unclear if pairing at Site I bears any effect on the binding of the ribosome. The way Site II-bound RyhB interferes with the ribosome binding is likely to be due to steric hindrance as Site II overlaps the Shine-Dalgarno sequence. Such a direct competition between RyhB and the ribosome was demonstrated for the expression of sodB, sdh and iscS genes. In contrast, the way Site I-bound RyhB may interfere with ribosome binding, if it does, is uncertain. In Salmonella typhimurium, the regulatory sRNA GcvB represses translation by binding to target RNA gltI and argT at upstream sites, outside the RBS [49] . In Salmonella, RybB targets sites on omp mRNAs within the coding region [50] or upstream of the region covered by the ribosome [51] . One possibility is that it might directly interfere with the binding of the ribosome. Indeed the ribosome was proposed to cover a region extending from -35 nt upstream the start codon to + 19 nt downstream [52] . An alternative role of the pairing of RyhB at Site I might be that it stimulates the degradation of msrB mRNA by RNase E and the degradosome as it has recently been reported for sodB mRNA by the Massé group [37] . In-depth study of the decay of mut1 mRNA species is required to assess the possibility of such a mechanism.
Analysis of msrB alleles that contained modified Site I and/or Site II highlighted the complexity of the mechanism underlying RyhB regulation, yet provided us with important information. In particular, we were able to isolate mutations within the regulatory Figure 7 . Effect of mutations in RyhB-binding Sites I and II on msrB mRNA stability. Northern blot analysis of wild type msrB (A), msrB mut1 (B), msrB mut2a (C), msrB mut1,2a (D), msrB mut2b (E), and msrB mut1,2b (F). Strains were grown at 37uC to an O.D. 600 of 0.4. After 10 min of incubation with 2,29dip, rifampicin was added. Samples were removed at the times indicated after rifampicin addition and total RNA was extracted as described in Materials and Methods. Half-life of msrB mRNA was calculated with or without iron chelator. For determination of msrB mRNA amount, 10 mg of total RNA samples was loaded on a denaturating 1.2% agarose gel. After migration, a Northern blot hybridization was performed with a specific oligoprobe for msrB and with 5S as a loading control. Half-life (seconds) of msrB mRNA (wild type and mutants) and the ratio of msrB mRNA half-life 62,29dip, are indicated. Band intensity of msrB transcript was normalized to that of 5S RNA. doi:10.1371/journal.pone.0063647.g007
sequence of msrB transcript that uncoupled msrB degradation and iron bioavailability. However, these mutants exhibited additional unexpected features. One case is the ''double'' mut1,2a allele, which contains a mutation at each Site I and II. This allele exhibited a constitutive-like behaviour as the half-life of the cognate mRNA, was not altered in bacteria that are grown under iron limitation. This departs from the behaviours of both ''single'' mut1 and mut2a alleles, which remain regulated by iron and do not show any increased stability. Thus, the additive effect of the two mutations could signify the involvement of the two sites in RyhBmediated regulation. However, mut1,2a allele is very poorly recognized by the 30S ribosomal subunit and, accordingly, it is very poorly translated. Hence, it is impossible to decipher whether the loss of the iron regulation is due to the inability of RyhB to recognize this species and to interfere with ribosome binding or if reduced ribosome binding efficiency prevents any associated regulatory mechanism to take place. Moreover, one would have expected the half-life of this mutated version to be drastically shortened, as it is no longer protected by ribosomes. Could the two mutations yield a highly structured mRNA, unable to interact with any of the trans-acting factors, including the ribosome, RyhB, the degradosome or a subset of them? A thorough RNase structural probing is needed prior to further interpret the behaviour of this species. Another puzzling case is the mut2b allele. In this case, the sole modification of the Site II was sufficient to alter iron regulation. In vitro analysis of the mut2b mRNA species revealed that RyhB no longer interacts with Site II but interacts with Site I. The iron regulation was altered but not fully abolished and this was consistent with the notion that the RyhB/Site I interaction can mediate iron regulation. However, a simple interpretation of this allele was prevented by the observation that the mut2b mutation effect could be moderately suppressed by the mut1 mutation. Indeed, the mut1,2b allele produces an mRNA species which remains under the control of iron bioavailibility with a 2-fold decrease in its stability upon 2,29 dip treatment. Clearly more in-depth analysis of the cognate structure is required before we make any firm conclusion on how they affect the msrB/RyhB interaction, and the regulation of the msrB expression.
Methionine sulfoxide reductases MsrA and MsrB catalyse the reduction of S-and R-diastereoisomeric forms of methionine sulfoxide. Previous studies established that the combined action of both MsrA and MsrB is required for full repair of oxidized polypeptides [8, 54] . From this biochemical point of view, one would expect that the two enzymes will be synthesized in the same conditions. This is likely to be the case in Bacillus subtilis wherein the two cognate structural genes belong to the same operon [55] . This is also the case of Neisseria wherein both MsrA and MsrB are actually fused into a single polypeptide [27] . Conversely, in E. coli, the two genes are physically separated, raising the question of their co-regulation. Further, we found that MsrB synthesis is decreased under iron limitation conditions whereas that of MsrA appears essentially not affected by this limitation. One might speculate that under iron limitation, damage by iron-mediated Fenton reaction is reduced and methionine oxidation is infrequent. This might explain why E. coli reduces MsrB synthesis while saving iron for essential processes and relies only on MsrA to rescue those few oxidized polypeptides. Figure S1 Western blot analysis of MsrB protein levels from cells expressing wild type msrB and mutant msrB. Wild type msrB (A) and mutant msrB (mut2a (B) and mut2b (C)). Strains were grown at 37uC to an O.D. 600 of 0.4. After 60 min of incubation with 2,2'dip, samples were removed and proteins were extracted as described in Materials and Methods. MsrB proteins were probed using anti-HA antibodies. (TIF)
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